The evidence that overweight in middle age is related to increased dementia risk in old age is growing [1] [2] [3] [4] . However, few studies have addressed the question if overweight affects cognitive abilities among those who do not develop dementia. Our hypothesis is that overweight is likely to assert a negative effect on cognition even in individuals who remain nondemented.
convincingly demonstrate a significant association between BMI and cognitive function at younger ages. In older ages, the association is often blurred by the inclusion of individuals diagnosed with dementia and those in a preclinical phase of dementia, knowing that people often lose weight prior to diagnosis [14] and early in the dementia phase [15] .
There are only a few prospective studies including young elderly and elderly people, all with a follow-up time of only 6 years or less. In a report from the Framingham study [16] , using 4-6 years of follow-up (mean age 66 years), high BMI predicted lower cognitive function in only 2 out of 8 tests among men, and no associations were found among women. On the contrary, slight overweight (BMI [23] [24] [25] [26] [27] predicted lower risk of cognitive decline across a 5-year follow-up in the French PAQUID study [9] . Findings from the Chicago Health and Aging Project underline the importance of taking into account those who are already diagnosed with dementia or in a preclinical phase, showing that when this group is included, higher BMI may appear to be a protective factor against cognitive decline [11] . However, when those with an MMSE score of 24 or less were excluded, there was no association between BMI and cognitive function.
Previous findings regarding the effect of overweight on cognitive function are typically based on either crosssectional studies or on prospective studies in young old age with a limited follow-up time. An exception is a recent study from the UK [17] , in which BMI assessed on 3 occasions across midlife (first assessment at 35-55 years) was used to predict cognitive function (MMSE, memory, and executive function) at the age of 52-72 years. Using overweight and obesity as long-term predictors of cognitive function, overweight at the first occasion predicted lower memory performance, whereas obesity at the second occasion was related to lower performance in executive function.
The aim of our study is to examine the long-term effects of midlife overweight on cognitive abilities in old age. Specifically, we will examine whether BMI measured in midlife is related to cognition 30 years later among nondemented individuals. Further, given that no study has examined the association between overweight in midlife and cognitive function with such an extensive follow-up period, all available cognitive domains in our study will be explored. This will be done by using cognitive tests that cover a range of cognitive abilities, including long-term memory, short-term memory, speed, verbal and spatial ability. Further, we will examine if BMI is related to steeper cognitive decline measured at 2-year intervals across a period of 8 years (age interval 80+). Analyses will include relevant covariates, including midlife physical activity. Given recent findings that overweight in midlife increases risk of dementia, we hypothesize that overweight will be associated with lower performance across cognitive domains in a sample of nondemented elderly people. Finally, given some indications that BMI may have differential effects on cognitive function in men and women, data will be analyzed separately for both sexes.
Methods

Participants
The participants in this study were drawn from the Swedish Twin Registry which was established in the late 1950s to study smoking and alcohol consumption in relation to potential risk of cancer and cardiovascular diseases [18, 19] . In 1963, the participants answered questionnaires including questions about health and diseases, smoking habits, alcohol consumption, physical activity, and information on weight and height. Between the years 1991 and 1993, the first wave of the longitudinal study 'Origins of Variance in the Old-Old: Octogenarian Twins' (OCTO-Twin) was started [20] , including those who had participated in the survey in 1963. For the purpose of the present study, information from the survey in the sixties and information from the OCTO-Twin study have been linked.
The OCTO-Twin study is based on the oldest cohort of the Swedish Twin Registry and includes 702 people aged 80 years and older at the time of the first examination. It has a longitudinal design with repeated assessments at a 2-year time schedule. The participants were evaluated continuously across the study period with respect to dementia and vascular risk factors. All individuals were assessed with a cognitive test battery during an in-person visit. Individuals suspected of having dementia were given a diagnostic workup, including an interview with an informant about memory and cognitive problems, review of in-person cognitive test protocols and medical records. Clinical diagnoses of dementia followed the DSM-III-R criteria.
Given the purpose of the present study, that is to examine the effect of overweight in midlife on later cognitive function among those who do not develop dementia, the following individuals were excluded: (1) those who did not have valid data on BMI from the midlife assessments in 1963 (n = 30), (2) those who were older than 60 years in 1963 (n = 39), (3) those who received a dementia diagnosis (n = 203), and (4) those who did not have any valid cognitive data (n = 13). The total sample at the first wave of the longitudinal study includes 417 individuals (170 men and 277 women). Attrition across the 5 waves is described in table 1 ; as can be seen, the main cause is due to death.
All participants were informed about the study in accordance with the ethics committee of the Karolinska Institute, the Swedish Data Inspection Board, and the institutional board at the Pennsylvania State University.
Measures
Body Mass Index . Weight and height were based on self-reported information from the survey in 1963. BMI was calculated by dividing the weight in kilos by the height in square meters (kg/m 2 ). In the data analyses, BMI was used as a continuous variable. Further, for descriptive purposes only, BMI was also classified according to World Health Organization standards [21] , where overweight is defined as a BMI between 25 and 30, whereas obesity is defined as a BMI greater than 30. As heights and weights were self-reported, they are potentially subject to bias. However, analyses completed in a related sample from the Twin Registry comparing self-reported and measured information on heights and weights (within a 1-year period) resulted in a correlation of 0.97 for height and 0.95 for weight [22] . The mean differences 8 SD between self-reported and measured values were 1.2 8 2.4 cm for height and 0.8 8 4.0 kg for weight.
Smoking and Alcohol . The information on smoking and alcohol habits comes from the survey in the sixties as well as from the OCTO-Twin study. The smoking variable was coded as 0 for nonsmoker and 1 for current or previous smoker. The alcohol variable was coded as 0 for alcohol consumers and 1 for those who never use alcohol.
Physical Activity . The information on physical activity in midlife comes from the survey in the sixties. Respondents were asked if they exercised, and the level of exercise was measured on a 4-point scale (1 = no exercise, 2 = light exercise, 3 = regular exercise, 4 = heavy exercise).
During the OCTO-Twin Study, the participants were asked for permission to review their medical records. Medical records were ordered from hospitals, outpatient clinics, district physicians, and primary health care centers, and multiple requests were made to secure the quality of information and to make sure that the records covered the entire time period and also contained a summary of diseases earlier in life. A physician made a concurrent review of (1) medical records, including reported medical history, (2) medicine use, and (3) self-reported information about diseases. An independent second opinion on the classifications, performed by another physician, in a 20% subsample produced only marginal amendment. Diagnoses were classified according to the ICD-10 [23] . Diagnoses of special interest for the present study were hypertension, diabetes, and stroke.
Hypertension . Blood pressure was assessed on every test occasion in the OCTO-Twin Study (maximum of 5 times). Hypertension was diagnosed in cases (1) with a diastolic blood pressure value above 95 mm Hg and/or a systolic pressure value higher than 160 mm Hg in line with the Joint National Committee on Detection, Evaluation, and Treatment of High Blood Pressure, and/or (2) where the medical records contained information on specific hypertension treatment, and/or (3) with self-reported hypertension in the survey in 1963.
Diabetes . Information on type 2 diabetes mellitus was obtained from the medical records and includes all types of the disease from a time point when the diagnostic level of fasting blood sugar was 6.7 mmol/l. Diagnoses were classified according to the American Diabetes Association recommendations [24] .
Stroke . A diagnosis of stroke was mainly based on medical exam information in the medical records. Self-reports of stroke were accepted as valid in 10% of the cases despite a lack of record confirmation.
Cognitive Testing
The participants were investigated in their home. A complete testing session, including rest periods, took about 3.5-4.0 h. The longitudinal design for survivors encompassed at maximum 5 measurement occasions at 2-year intervals beginning in 1991-1993. The cognitive test battery was designed to represent the domains of fluid and crystallized intelligence and specific abilities such as memory, spatial ability and speed. A detailed description of the test battery can be seen elsewhere [25] .
Principal component analyses were used to construct latent factors from the individual tests within each cognitive ability reflecting long-term memory, short-term memory, speed, and verbal ability. Spatial ability is only represented by the Block Design Test. For the ease of presentation, cognitive scores were transformed into a t score metric with a mean of 50 and standard deviation of 10.
Long-Term Memory . Three tests reflecting long-term episodic memory functioning were used: the Prose Recall Test (a Swedish version of the Logical Memory in the Wechsler Memory Scale), the Thurstone's Picture Memory Test [26] and the Memory-inReality Test [27, 28] .
Short-Term Memory . Two measures reflecting short-term memory were used: the Digit Span Forward and the Digit Span Backward [29] .
Speed . Two tests measured speed: the Symbol Digit Task, a modified version of the Digit Symbol Substitution Test from the revised Wechsler Adult Intelligence Scale [29] , that requires an oral (rather than written) response, and the Perceptual Speed Test from a Swedish test battery [30] .
Verbal Ability . Two tests were used to assess verbal ability: the Swedish version of the Information Task [31] , and the Verbal Meaning Test [30] .
Spatial Ability. The Block Design Test [30] was used to measure spatial ability.
Data Analyses
Weight group comparisons for means (BMI, age, and years of formal education) were conducted with one-way analyses of variance. Weight group comparisons in gender distribution, smoking, alcohol consumption, midlife physical activity, hypertension, diabetes, and stroke were analyzed with 2 tests. To analyze the potential association between midlife BMI and later cognitive function and rate of change, random coefficient modeling using SAS Proc Mixed [32] was used to estimate individual-level change and predictors of change while properly ac- counting for the dependency associated with twin pair status. The multilevel model is characterized by a fixed part which contains average effects for the intercept (initial status) and slope (rate of change) and a random part which contains individual differences (variance) in the intercept, slope, and the within-person residual. The models were tested using the missing at random assumption [33] for missing cognitive outcomes. A 3-level linear growth model is composed of a level 1 component of individual outcomes over time, a level 2 component which models individual fixed and random effects of initial status and change over time (person-level covariates can be added at this level), and a level 3 component which models variance associated with twin pair status. This is done to handle the fact that a twin sample is used to draw conclusions about non-twins in which higher intraclass correlations are expected for monozygotic (MZ) than for dizygotic (DZ) twins. Thus, a 3-level structure is characterized by longitudinal measurements nested within individuals who are nested within groups (twin dyad). The baseline model specifies a growth model with no covariates and is used to evaluate the fit of the growth model parameters. In this and subsequent models, zygosity is not modeled as a fixed effect because the expectation is for no or random differences among MZ and DZ twins in terms of average slope and rate of change. Random effects are, however, estimated separately by zygosity because of an expectation of higher intraclass correlations for MZ than for DZ twins. Finally, we permit different estimates of the residual (level 1) variance for the two zygosity groups. The intercept was centered in all models at age 83, education of 7 years, and midlife BMI of 24.
All models were estimated for each cognitive outcome stratified by sex. However, as the analyses revealed a similar pattern for men and women, the models were run on the total sample and presented accordingly. First, a baseline model was estimated to determine the initial status (level) and rate of change (linear and quadratic slopes) for all cognitive abilities. The second model included midlife BMI as a continuous variable and was adjusted for demographic data only, that is, age (continuous variable), sex (0 = man, 1 = woman), and education (continuous variable). Further, to measure the potential interaction between BMI and rate of change in cognitive function, two interaction terms between BMI and slope were added, one for the linear slope and one for the quadratic slope. The third model was a fully adjusted model additionally including smoking (0 = never smoked, 1 = ever smoked), alcohol consumption (0 = never, 1 = ever), physical activity in midlife (1 = no exercise, 2 = light exercise, 3 = regular exercise, 4 = heavy exercise), years with hypertension (continuous variable), years with diabetes (continuous variable), stroke (0 = no stroke, 1 = stroke), BMI and BMI and slope interaction terms (linear and quadratic).
Results
The participant characteristics across weight groups are presented in table 2 . The analyses of variance revealed no significant difference between groups in age (p 1 0.05), whereas a significant difference was found for education reflecting higher education in the normal weight group in comparison with the overweight and obese groups [F(2, 414) = 7.25; p = 0.001]. The average educational level in this study is low, although it is representative of this old cohort in Sweden. It shows that the majority of the participants only had the basic 6 years of elementary school. Further, the groups did differ in gender distribution reflecting a predominance of women in the obese group (p ! 0.05). The obese group reported a lower fre- quency of smoking (p ! 0.05) compared to the normal weight group, whereas more people in the normal weight group reported using alcohol as compared to the overweight group (p ! 0.05). The normal weight group also had a significantly lower prevalence of diabetes as compared to the overweight group (p ! 0.05).
Associations between Midlife BMI and Cognitive Abilities in Old Age
For the purpose of description only, means and standard deviations in the cognitive abilities at the first measurement occasion are reported across weight groups in table 3 . The table shows that higher BMI in midlife is related to poorer cognitive performance in old age.
In the multilevel modeling, midlife BMI was entered as a continuous variable. All models were run separately for men and women. However, as the analyses revealed a similar pattern for men and women, the models were run on the total sample and presented accordingly. The baseline model indicated that the estimates of the average intercept and rate of change across measurement occasions were significant for all cognitive abilities. Thus, there was a general significant decline over time in all cognitive abilities.
The second model allows us to explore whether variation in intercepts and slopes is related to midlife BMI, after accounting for age, sex, and differences in education. The results showed that midlife BMI was a significant predictor of mean-level performance for all cognitive abilities such that higher BMI predicts poorer performance. Although higher BMI was related to lower overall performance in the cognitive abilities, it was not associated with steeper decline (slope) with the exception of verbal ability.
The fully adjusted model was adjusted for lifestyle factors such as smoking and alcohol use, midlife physical activity, as well as hypertension, diabetes, and stroke. These results are illustrated in table 4 and figure 1 . The inclusion of these factors did not alter the association between midlife BMI and cognitive function.
The estimates in the fully adjusted models in table 4 are interpreted as the additional lowering in cognitive test performance related to one-unit increase in BMI score. For example, the average person, defined as being 83 years of age and having a BMI of 24 and 7 years of education, scored 51.70 points (intercept) in long-term memory and showed a significant curvilinear decline of 0.09 points per 2-year interval (quadratic slope). One-unit increase in BMI was related to 0.48 points lower average performance in long-term memory; however, BMI was not related to additional change across time as can be seen in the nonsignificant estimate of both the linear (0.05) and the quadratic (-0.01) slopes related to BMI.
Discussion
The aim of the study was to examine the association between overweight in midlife and cognitive function in old age. Our findings demonstrate that being overweight in midlife is related to lower cognitive function 30 years later independently from dementia. Moreover, this association was evident even when age, education, physical activity, and factors related to vascular risk were controlled for. The association was demonstrated across several cognitive abilities, including long-term memory, short-term memory, speed, verbal ability, and spatial ability.
The finding is novel because, to our knowledge, no previous study has examined the long-term effects of high BMI in midlife on later cognitive function among individuals who remain nondemented, using a prospec- tive design with an extensive longitudinal follow-up time.
Our results support and extend some findings based on cross-sectional [12, 13] and prospective studies [17] in showing a negative association between BMI and cognitive function in old age. On the other hand, the results contradict cross-sectional findings in old samples that show a positive association between BMI and cognitive function [9, 10] . This may be explained by how prevalent dementia cases and preclinical dementia are accounted for in the analyses. For example, in the study by Sturman et al. [11] , the analyses were performed with and without people with an MMSE score lower than 24. When all cases were included in the analyses, a higher BMI was associated with less cognitive decline, but when people with a low MMSE score were excluded, the association was attenuated and no longer significant. Findings like this suggest that the association is likely to be influenced by preclinical and mild dementia. Thus, overweight is unlikely to be a protective factor in relation to late-life cognitive function.
There is some evidence for a sex difference in the association between adiposity and cognitive function. For example, findings from the Framingham study [16] showed that obese men performed significantly lower on some cognitive tasks whereas no such effects were found in women. In the present study, data were first analyzed separately for men and women. Our analyses revealed the same pattern among men and women and therefore do not support previous findings of sex differences.
Concerning the question whether overweight is related to performance across cognitive abilities, our findings support the notion of an overall negative influence of high BMI in midlife. Thus, it can be concluded that the negative association between BMI and cognition prevails across a range of cognitive abilities.
The fact that high BMI in midlife predicted poorer overall cognitive performance but not steeper decline across the longitudinal follow-up period in old age, with one exception, raises the question of when the difference in the level of cognitive function related to high BMI becomes manifest. As we do not have any measure of midlife cognitive function in our study, we do not know for sure whether the observed BMI-related differences in the level of cognitive function in old age were already manifest in midlife. It could be hypothesized that the difference in cognitive function related to BMI is a lifelong phenomenon. This is partially supported by evidence from studies showing that childhood cognition predicts adiposity in adult life [34, 35] . On the other hand, when educational attainment was considered in these studies, cognitive ability did no longer predict adult overweight [34, 35] . Further, in an attempt to control for potential differences in cognitive function in midlife we made complementary analyses in which we used verbal ability as a covariate. The rationale is that verbal ability is a good proxy for premorbid cognitive ability and that it is a stable ability across adult life. However, using verbal ability as a covariate did not alter the association between midlife BMI and later cognitive function. Thus, our findings, based on analyses in which the educational level was included as a covariate, and the complementary analyses using verbal ability as a proxy for premorbid cognitive function, support the notion that overweight in midlife predicts lower cognitive function in old age. Cross-sectional studies on the association between BMI and cognitive function in midlife do not provide conclusive information as to whether there really is an association [6] [7] [8] . A more feasible explanation then to why we do not find differences in the cognitive slopes related to BMI may be that the negative effect of overweight has an onset before the late entry into the study. This is supported by recent findings from our own research group, based on a younger sample (50 years and older), where high BMI was related to lower mean-level cognitive performance 18 years later, as well as a steeper decline in cognitive function [36] . The accumulating evidence, supporting the notion of a negative effect of adiposity on cognitive health, highlights the need for explanatory mechanisms. At this time, several hypotheses are being proposed, although no single one is at the front. Potential mechanisms by which long-term overweight might affect cognitive function in later life include vascular disease, diabetes, genetics, and inflammatory processes. Overweight increases the risk of hypertension, diabetes mellitus, and stroke, all three known risk factors for cognitive impairment. Our study, along with other studies, show that even after controlling for these comorbid risk factors, overweight remains as a significant independent risk factor. Concerning the genetic factor, APOE 4 carrier status is a known risk factor for vascular disease and dementia [37, 38] . In a recent study from our research group [4] , we found that overweight did not interact with APOE 4 status on dementia risk, supporting earlier findings from the Finnish CAIDE study [39] . Finally, inflammation has been shown to be associated with vascular disease [40] , obesity [41, 42] , cognitive decline [43] , and dementia [44] . More research is needed to understand the complex mechanism explaining the association between adiposity and cognitive health. Detailed reviews on the topic have been conducted by Gustafson [45] and Beydoun et al. [46] .
The strengths of this study lie in its prospective design, long follow-up time, an extensive cognitive test battery with repeated measurements over a critical period for cognitive change in old age, and the range of included covariates. When interpreting our results it should be kept in mind that the inclusion age into the OCTO-Twin study was 80 years or older, which implies that the generalizability is restricted to those who survive to that age. The implication of this fact may be that our results are an underestimation of the negative effect of BMI given that there is a greater attrition among those with high BMI. A potential limitation is the midlife BMI measure which is based on self-reports on weight and height. However, correlation analyses conducted on a subsample from the Swedish Twin Registry [22] , comparing self-reported and measured data, provide support for the validity of selfreports. In contrast, new findings from our research group, based on a different sample, show that in old age, there is a small but significant increase in the mean difference between self-reported and measured BMI, which is likely due to unawareness of changes in height over time [47] .
In conclusion, the present study provides further support for a negative effect of midlife overweight. The 30-year follow-up indicates that there are long-term effects of adiposity on cognitive health. Further, the observed effects could not be ascribed to vascular risk factors, diabetes, physical activity, or educational attainment. Given the epidemic features of overweight and obesity in Western societies, further research and prevention is essential to minimize the burden for individuals as well as for societies.
